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TECHNICAL ME MORANDUM X- 64669

VIBRATION MANUAL

INTRODUCTION

The vibration engineer is mainly concerned with keeping the vibrations
of a space vehicle to a level which is not detrimental to the man or the
machine and designing the muchine to survive the environment. The main
source of mechanical vibrations in vehicles in the rocket engines which
generate vibration and acous.ic energy over a wide range of frequencies.

The resulting vibration environment can be severe with respect to airframe
fatigue and damage to equipment.

To ensure the structural and functional integrity of the vehicle systems,
it is necessary to determine the vibration environment of a vehicle or com-
ponent. This environment can be approximated by analytical methods, or it
can be predicted by comparison to the known vibration levels of a similar ve-
hicle. I the vehicle is available, the environment can be determined by static
firings and flight tests.

The known vibration environment can then be approximately reproduced
or simulated in the laboratory to improve the design or to prove adequacy of
the vehicle or components. Static firings and flight tests can be considered
as methods to obtain the vibration environment and also as environmental tests
of the vehicle.

This report describes how analysis and evaluation of data from static
firings and flight tests yield the information necessary for writing vibration
specifications in environmental testing.

This report is intended to help to correlate the terms, ideas, and
methods of the groups concerned with vibrations, and to promote better
understanding and coordination between all groups by serving as a guide in
the vibration field.



PREVING PATTE WOAFTE, KO LA
SECTION |. SOURCES OF VIBRATION

To understand the problems of space vehicle vibrations, it is necessary
to have a general background in the various sources of these vibrations. This
section provides some general information regarding these sources and their
causes. A more detailed discussion of these sources of vibration is beyond
the scope of this section and will not be included. Additional considerations
on sources of vibration excitation are presented in Section XIV while Refer-
ence 1, 2, and 3 provide comprehensive coverage of this subject.

A. Sources and Causes of Vibration

A space vehicle may have many different causes of vibration, but each
one can be characterized by one of the following sources:

1. Acoustic.
2, Aerodynamic.

3. Mechanical.

These sources of vibration vary in predominance depending upon the
design of the vehicle, the design of the launch pad, the phase of the vehicle
flight, and the total mission of the vehijcle.

1. ACOUSTIC
Sound fields provide the excntatlon energy for acoustically induced
v1bra.t10ns Acoustic flelds may be generated in many ways. The sound

the rocket engine because of moving parts, fuel flow, and fuel combustion.

The sound field of the turbulent exhaust from the rocket engine has
its origin downstream from the plane of the engine exhaust. This exhaust
turbulence produces a more severe sound field in the vehicle than does the
engine itself, and is considered to be the most predominant cause of vehicle
vibration while the vehicle is in the atmosphere at speeds below Mach 1.

The sound field of the turbulent wake generated by the engine exhaust
induces structural vibration. Structures susceptible to acoustic (also
aerodynan:ic) pressures are skin panels skin stiffeners, and bulkheads [1].



The extent of this vibration is dependent upon the frequency spectrum, ampli-
tude, and space correlation of the sound field plus the mechanical impedance
of the structure [2].

2. AERODYNAMIC

Several aerodynamic phenomena exist that are associated with high-
speed flight in the atmosphere which supply excitation energy that induces
vehicle vibration. Some of the aerodynamic effects that cause vehicle vibra-
tion are as folows: o

a. Pressure fluctuations in the turbulent boundary layer around
the vehicle.

b.  Flutter of a fin or panel in the airstream due to dynamic
instability. o

c. Turbulent wakes generated by air flow past vehicle projections
in atmospheric flight.

d. Flow over recesses and cavities.

e. Oscillating shock waves that may be attached to the vehicle
surface, e

f. Buffet flow separation, which occurs when the air in the
boundary layer is forced to flow around sharp corners.

g. High-velocity flow through pipes.
Aerodynamically induced excitation.normally reaches maximum values
in the vicinity of Mach 1 and maximum dynamic pressure (max q).

3. MECHANICAL

.....

Mechanical sources of vibration originate from direct mechanical
excitation. The main mechanical source of vibration usually comes from the
engines and related equipment, such as pumps, motors, compressors, and
generators. T

......

and in the periodic variations of gas, elect_zjica.l, and other energy forces.



These mechanical vibration forces act both as forces within the equipment
and as external forces [3]. In outer space, when airborne sources of exci-
tation have ceased to exist, rocket engine operation will continue to induce
mechanically coupled vibration. This type of vibration will be most severe

at positions near the engine and diminish at more remote locations because of
the damping and impedance mismatch inherent in the vehicle structure.

High magnitude transient vibration levels, caused by rapid pressure
changes at engine ignition and cutoff, cause a transient excitation of the
structure. These transients are short in duration and are measured in
milliseconds.

Other mechanical sources of vibration are as follows:

a. Transportation of the vehicle from one site to another.

b. Mechanical release of the vehicle from the launch pad by
explosive bolts or some quick-release device.

c. Engine gimballing.
d. Variable thrust because of rough combustion.

e. Separation of the stages by mechanical means, such as explosive
charges, retro rockets, and ullage rockets.

f. Landing impact of a recoverable vehicle.
g. Propellant sloshing.
Mechanical vibrations that are high in magnitude and of long duration

can cause wear in contact surfaces, equipment malfunction, crew discomfort,
and, most important, structural fatigue.

E. Complete Vibration Environment

The complete vibration environment of a vehicle includes all vibration
experienced from manufacture to the completion of a mission.

The vehicle must first be transported from the manufacturing site to
a place suitable for static firing. The vibration environment during transport



may be severe, depending upon the mode of transportation and the carriage
system. The vibration experienced during this period may be very different
from the flight environment for which the vehicle was designed.

After the vehicle has reached the test site, one or more static firings
are conducted to check the vehicle systems before delivery to the launch site.
Often, one of the most severe vibration environments is caused by exhaust
turbulence during static firing. This exhaust turbulence vibration level is
generally developed in the first few seconds after ignition and continues
throughout the static firing. The vehicle is also subjected to local mechanical
vibration, gimballing effects, and ground handling prior to and subsequent to
static firing.

After completing these static firings, the vehicle is again subjected
to transport vibration when it is taken to its permanent base, launch site, or
temporary site (in the case of a mobile launch vehicle). When the vehicle
reaches its launch site, it may again be static fired for a short duration to
perform a systems check. After the systems check is complete, the vehicle
is ready for its flight objective.

When the booster engines develop thrust while still on the launch pad,
turbulence of the exhaust stream is again a principal vibration source. All
evidence to date indicates this turbulence to be the most severe vibration
excitation source. Not only does the most severe source of vibration occur
before liftoff, but the position of the vehicle on the launch pad and the presence
of other structures in the launch vicinity provide means of reflecting the
sound field or changing the radiation pattern of the sound field, Ground reflec-
tion, which increases the sound pressure level of the vehicle, is evident up to
an altitude of at least 50 nozzle exist diameters and diminishes at higher alti-
tudes. As the vehicle is in motion and its forward velocity increases, the
noise environment is reduced [2]. Some of the reasons for this decrease are
as follows:

a. Decrease of pressure with altitude.

b. Increase of time required for noise to travel forward from
source in flow behind missile,

C. Decrease in relative velocity between the jet flow and the
atmosphere.

[}



The acoustic field is usually hemispherical untile the vehicle is air-
borne, and then slowly changes to spherical as the reflection from the launch
area is diminished by the gain in altitude. The sound pressure level on the
launch pad is dependent upon the type of exhaust deflection of the exhaust
tunnel, or muffler effect. This engine exhaust noise continues to affect the
vibration levels, with diminishing intensity, until the vehicle exceeds the
speed of sound or leaves the atmosphere.

While the vehicle is still in the atmosphere, other aerodynamic effects
such as flutter, pressure fluctuations, and buffeting may develop and upon
exceeding the speed of sound, oscillating shock waves are generated that can
cause high-level vibration transients.

After the vehicle has passed the speed of sound, the acoustical source
from the exhaust no longer affects vehicle vibration, and once out of the
atmosphere neither the acoustic nor the external aerodynamic sources are
present. Under these conditions, only the mechanical sources remain to
cause vibration. Re-entering the atmosphere produces aerodynamic shock
waves which can induce high-level transient vibrations, and again the vehicle
is subjected to aerodynamic pressure, turbulence, buffeting, and flutter.
Finally, vibration and shock which the vehicle experiences caused by landing
impact, must be considered in cnalysis of complete vehicle vibration environ-
ment,



SECTION I1. ACCELEROMETERS

The purpose of this section is to provide general knowledge of the
principles, characteristics, and applications of accelerometers used by the
Marshall Space Flight Center for the measurement of vibration and shock.
This section will aid in the selection of a general type of accelerometer for the
measurement of a specific environment; however, it is not intended to be a
guide for the selection of specific accelerometers. References are given at
the end of this report for more detailed information on vibration and shock
measurement and accelerometer theory. For more information about or
selection of specific accelerumeters, literature and specifications of acceler-
ometer manufactures, and laboratory test results should be consulted, some
of which are given in Refereuces 4, 5, 6, 7, 8, and 9.

A. Accelerometer Considerations

An accelerometer is a transducer which converts the acceleration
input that it experiences into a proportional output quantity. Accelerometers
are available in many forms for widely varied applications. They are used
in aircraft and missile navigation systems as well as for the measurement of
vibration and shock. The requirements for an accelerometer vary from the
extremely sensitive low-frequency types used in vehicle navigational systems
to those used in vibration and shock studies, which must be capable of sensing
motion over a very wide range of frequency and magnitude.

Virtually all accelerometers used for shock and vibration n  sure-
ment are electromechanical transducers (sensors or pickups); i.. . , the
instrument output quantity is an electrical signal. Motion is converted into
an electrical signal because the electrical signal may be transmitted over
considerable distances (Section VI), and the electrical signal may be used as
the input to amplifiers, filters, analyzers, and recorders for data recording
and reduction purposes (Sections VII and VIII). The time history of the
electrical signal may then be used to provide information concerning the
frequency and waveform of the vibration as well as its magnitude (Section X).

Many different types of transducers have been developed for the pur-
pose of converting mechanical motions into equivalent electrical signals.
These include piezoelectric, strain gage, piezoresistive, force balance
(servo), potentiometer, variable inductance, electrokinetic, magnetostric-
tive, variable capacitance, and permanent magnet self-generating instruments.



The first five of these transducers are the most commonly used accelerometers
at MSFC. These transducers are used for structural response measurements
and will be discussed in the following paragraphs.

B. General Accelerometer Principles

All accelerometers to be discussed involve one basic mechanical
principle; i.e., the response of a mass-spring system. The base of a mass-
spring system (seismic instrument) or its equivalent is attached to the point
where shock or vibration is to be measured, and the acceleration force is
sensed by the transducing element from the motion of the mass (seismic
mass) relative to the base. An accelerometer operates below the natural
frequency of the mass-spring system. When the frequency of the point to be
measured is above the natural frequency of the mass-spring system, the
transducer can become either a displacement or a velocity transducer, de-
pending on whether the sensor measures displacement or velocity. The mass-
spring transducer shown schematically in Figure 1 consists of a mass sus-
pended from the transducer case by a spring. The motion of the mass within
the case may be damped by a viscous fluid, electric current, or other device
symbolized by a dashpot.

The ratio of the relative displacement amplitude of the masgs-spring
system between the mass and transducer case to the acceleration amplitude
of the case is shown in Figure 2 as a function of frequency for various values
of critical damping ratio. This frequency response curve shows that the
acceleration amplitude is directly proportional to relative displacement for
frequencies well below the natural frequency of the system. Thus, this
transducer is used as an accelerometer when the vibration frequency is
below the natural frequency of the system and within the flat portion of the
response curve. If the transducer is undamped, the response curve is
substantially flat below approximately 20 percent of the natural frequency.
Consequently, an undamped accelerometer can be used for the measurement
of acceleration when the vibration frequency does not exceed approximately
20 percent of the natural frequency of the accelerometer. The range of
measurable frequency increases as the damping of the accelerometer is
increased, up to an optimum value of damping. When the fraction of critical
damping is approximately 0.65, an accelerometer gives reasonably accurate
results to frequencies of approximately 60 percent of the natural frequency
of the accelerometer. Thus, it can be seen that the useful frequency range
of an accelerometer increases as its natural frequency increases.
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Figure 1. Schematic of a mass -spring type vibration transducer.

For a constant acceleration, the output sensitivity of an accelerometer
is dependent of the sensing parameter. If the sensing parameter employs
mass deflection, the electrical signal of the transducer may be very small
at high frequencies since the deflection of the spring is inversely proportional
to the square of the natural frequency. However, a piezoelectric acceler-
ometer has as one of its advantages the ability to sense acceleration directly
and the electrical signal remains relatively constant with frequency.

C. Piezoelectric (Crystal) Accelerometers

Figure 3 shows schematically a self-generating accelerometer requir-
ing no external power in which the transducing element is a small disc of
piezoelectric (crystal) material. Piezoelectric materials generate an
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Figure 2. Frequency response curves for various values
of critical damping (C/Cc) of a linear second
order mass-spring system (sinusoidal input) .

electrical charge when subjected to mechanical strain. The piezoelectric
element may be either a natural or synthetic crystal or a ceramic material,
such as barium titanate. The piezoelectric materials contain crystal domains
oriented either by nature or artifical polarization, and the slight relative
motion of these domains, resulting when a load is applied, causes an electrical
charge to be generated. Materials of this type generally exhibit high elastic
stiffness and usually act as a part of the spring in the mass-spring system.
The type shown is of compression design and consists of a seismic mass
compressed between a spring and wafer of piezoelectric material. The
inertial force experienced by the mass causes a proportional change in strain
within the crystal. This change in strain causes an electrical charge to be
developed by the crystal. If the change in strain is within the linear elastic
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Figure 3. Schematic of a typical compression-type
piezoelectric accelerometer.

range, the charge will be in proportion to the inertial force or acceleration
experienced by the mass. The compression spring is preloaded such that
the crystal wafer is always maintained in compression. The resulting mech-
anical system exhibits virtually no damping and a high resonant frequency
(usually between 25 and 75 kHz) .

There are various basic designs of piezoelectric accelerometers in
which the crystal element is subject to different kinds of stress. These include
the basic compression design, shear design, bender design, and different
arrangements of these basic types. Modern design of these configurations
mechanically isolates the crystal element from the instrument case to minimize
or avoid the effects of case distortion on sensitivity.

To avoid electrical difficulties known as ""ground loops, " electrical

insulation between the accelerometer and ground should be provided. Some
crystal accelerometers have their active elements electrically insulated
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from the case. Others are non-isolated electrically, and an electrically
insulating stud or washer is used.

The piezoelectric accelerometer behaves as a charge generator, with
the generated charge proportional to acceleration. It is not capable of measure-
ment down to zero frequency, and its low-frequency response is dependent upon
the electronics of the accelerometer cable and coupling amplifier combination.
The traditional way to improve the low-frequency response has been to use
intermediate impendance matching amplifiers (cathode or source followers)
that have higher input impedance but low output impedance so that long cables
may be used to remote readout instruments without affecting sensitivity.
Charge amplifiers are often used for the same purpose. A discussion of
impedance matching electronics, amplifiers, and connecting cables (along
with the problem of cable noise) used with piezoelectric accelerometers is
given in Section VI.

Due to the high resonant frequency (usually between 25 and 75 kHz),
size, and ruggedness of crystal accelerometers, they are widely used for the
measurement of both vibration and shock. There is a great variety of instru-
ments available with a wide range of frequency response and acceleration
range characteristics. Since damping is low, instrumentation for shock
measurement should include low-pass filters to avoid falsification of data
by accelerometer "ringing' at resonant frequencies. Also, a wide variety
of operating temperature ranges is available with crystal accelerometers.
For more details of piezoelectric accelerometer characteristics and a com-
parison with other accelerometers, refer to Table 1.

Recent innovations in crystal accelerometer design include the
improviement of damping characteristics of certain models. This tends to
eliminate undesirable resonant ringing under shock application and extends the
useful frequency range. Also, progress is being made in decreasing the
extremely high output impedance characteristic of these instruments. In some
cases, source followers are incorporated directly inside the instrument case
without 2 significant increase in size or weight.

D. Strain Bridge Accelerometers

The electrical resistance of a wire is proportional to the applied
strain, increasing when it is stretched and decreasing when compressed
axially or when initial tension is relieved. Strain bridge accelerometers are
based on this principle. The transducing element is one or more fine strain

12
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wires arranged so an applied strain changes their resistance in response to the
relative desplacement between a seismic mass and the instrument case.

A typical schematic illistration of a strain bridge accelerometer
(Fig. 4) consists of a mass suspended by unbonded strain wire and employs
a viscous damping fluid. The mass is free to move in the direction of the
sensitive axis but is restrained against other motion. The inertial force
experienced by the mass when it is accelerated causes a change in the strain
of the supporting wires and a proportional change in their resistances. In
Figure 4, the strain wires act as the spring portion of the mass-spring system.
To increase sensitivity, the strain wires are arranged electrically to form the
elements of a Wheatstone-Bridge circuit, with one or more active legs. An
electrical schematic is shown at top of Figure 4. This change in strain in the
wires create bridge-resistive unbalance, and in the appropriate circuit an
output voltage appears proportional to the acceleration.

The bridge is balanced externally and may be excited with either a
dc or ac source. The bridge can be excited by an ac carrier signal, if desired,
at some frequency well above the highest test frequency (see Section VI for
discussion of carrier frequencies). If ac excitation is used, the ac excitation
frequency should be at least five times higher than the highest data frequency
expected. However, ac excitation frequencies above approximately 3 kHz
should not be attempted on long cable runs because phase balancing problems
may appear. Care should be taken not to exceed the rated excitation voltage
of the transducer to avoid burning the strain wires.

Strain-bridge accelerometers can be used for measurements down to
zero frequency and have sensitivities up to 50 mV (rms) for full-scale output,
even with acceleration inputs of 1 g or less. Natural frequencies can be as high
as 5000 Hz, although natural frequencies of a few hundred Hz are more common,
The damping is usually about 0.7 of critical at room temperature. Since the
damping fluids generally used change viscosity with temperature, the damping
and the resonant frequency will be temperature sensitive. However, tempera-
ture-compensated instruments are available; and improvements in damping
have been made. Newer fluid damping systems utilize viscous oul shearing.
Low-viscosity oil is used, permitting exceptionally small viscosity changes
in low- and high-temperature applications. This, in turn, minimizes damp-
ing changes. These units should be inspected frequently for damping fluid
leaks. Also, some newer model strain accelerometers incorporate gas
damping in which the movement of the seismic mass pumps a gas from a cham-
ber through a porous plug. This system has the advantage of lower damping
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change with temperature than previously used damping mediums. Newer
models also show a trend away from pendulous suspension to minimize
cross-axis sensitivity and sensitivity to angular accelerations. Table 1
should be referred to for more details of strain-bridge accelerometers and
a comparison with other accelerometers.

E. Piezoresistive Accelerometers

Piezoresistive strain-gage accelerometers are similar in principal
to wire strain-gage units and are based on the principle of the semiconductor
strain gage. In place of wires, small chips of semiconductor crystal are used
and arranged electrically to form the elements of a Wheatstone Bridge. These
provide greater electrical output than conventional strain wire sensing elements.

The piezoresistive accelerometer combines several advantages of
the strain-bridge accelerometer and the crystal accelerometer. While it is
capable of measuring response down to zero frequency, its high-frequency
limits and acceleration ranges are comparable to piezoelectric accelerometers.
For example, one model has a range of +2500 g ( peak) and develops £250
mV (peak) with an excitation voltage of 10 Vdc. Damping is 0. 06 critical
at a resonant frequency of 30 kHz. Therefore, the range of linear frequency
response (+5 percent) is given as 0 to 6000 Hz. A newer model for high g
measurement offers a full -scale shock range of 50 000 g and frequency cap-
abilities extending from dc to a resonant frequency of better than 100 kHz.
Table 1 should be referred to for more details of piezoresistive accelerometers
and a comparison with other accelerometers.

As compared to piezoelectric accelerometers, piezoresistive acceler-
ometers are just slightly larger and are excellent for shock measurements
(within the acceleration limit) because of their low-frequency capabilities.
They are less rugged than piezoelectric accelerometers; in earlier models,

a drop of a few inches onto a hard surface can cause considerable damage.
However, ruggedness has been improved. This type of accelerometer is
still in the developmental stage, and one problem has been in obtaining wider
temperature compensation.

F. Force Balance (Servo) Accelerometers

The force balance accelerometer, more popularly knows as the servo
accelerometer, is basically an electromechanical feedback system which is
actuated by a seismic mass. The essential components of the instrument are
illustrated in Figure 5. When the instrument is excited along its sensitive
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Figure 5. Block diagram of a force balance (servo) accelerometer.

axis by an input acceleration, the seismic mass tends to move. A position
detector, which consists of an inductive type pickoff coil in an oscillator
circuit, converts the amount of deflection of the mass relative to the case

into a proportional electrical signal. This causes a change in the output cur-
rent of a small servoamplifier. The output current is fed back to a restoring
coil located within a permanent magnetic field which develops a restoring
force (or torque) equal and opposite to the original inertia force experienced
by the mass. Thus, the complete servocircuit acts like a stiff mechanical
spring. The acceleration is now measured as a voltage drop across a resistor
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which is in series with the output of the servoamplifier, since the restoring
current (proportional to restoring force) is a measure of the initial acceleration.

There are two classes of servoforce balance accelerometers; a pendu-
lous type, having an unbalanced pivoting mass with angular displacement, and
a nonpendulous type, having a mass which is displaced rectilinearly. In pend-
ulous types, small rotations approximate linear motion and movement is con-
sidered to be linear along a fixed axis of sensitivity. Because of this, angular
types are often sensitive to angular acceleration.

The force balance accelerometer offers much higher accuracy than
other types of accelerometers and is used extensively in inertial guidance
systems for missiles and rockets. However, since low natural frequency
and high damping are characteristic of the force balance accelerometer, its
use in measuring vibration environments is generally limited to measuring
low level accelerations at low frequencies. Force balance accelerometers
may be damped either electrically or by a viscous fluid, and have high sen-
sitivities. A typical instrument might be calibrated for a range of +10 g with
a sensitivity of 0.8 V/g. Table 1 should be referred to for more details of
force balance accelerometers and a comparison with other accelerometers.

G. Potentiometer Accelerometers

The potentiometer accelerometer consists of a mass-spring-damper
system and a potentiometer circuit, shown schematically in Figure 6. The
potentiometer wiper is connected to the seismic mass, and a constant voltage
is maintained across the resistance element of the potentiometer. When the
instrument experiences acceleration, the mass is displaced relative to the
base, causing a change in the output voltage of the potentiometer circuit.

A typical unit is fluid, air, or magnetically damped from 70 to 140
percent critical and is relatively heavy. This type of instrument is used
mainly for measuring very low accelerations at low frequencies and most
have natural frequencies below 30 Hz. One of their main disadvantages is
that their resolution is limited by the diameter of the resistance wire in
the potentiometer, thereby requiring a relatively large displacement to
produce a usable signal. Their principle advantage is their high output and
their flat response from half of their natural frequency down to zero frequency.
Table 1 should be referred to for more details of potentiometer accelero-
meters and a comparison with other accelerometers.

19



POTENTIOMETER WIPER T
ELECTRICAL INPUT
s
HOUSING
| Z
SEISMIC MASS > 7
Z
Z
4 =
F Z
ELECTRICAL
SPRING SYSTEM ouTPUT
DAMPING SYSTEM I SENSITIVE AXIS

Figure 6. Schematic of a typical potentiometer accelerometer.

H. Accelerometer Comparison

Table 1 gives a comparison of various basic accelerometer character-
istics for the accelerometers previously discussed. The various values pre-
sented here do not represent any specific accelerometers but represent an
approximate general range of the types available. It should be noted that
these accelerometers are being continuously improved and that the values
given in this chart may change with further developments and new products.

I. General Accelerometer Selection Characteristics

Certain important characteristics to consider when selecting an
accelerometer are basic and will be treated here. For specific information
or more detailed analysis, specific manufacturer specifications and literature
on accelerometers should be consulted.
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When considering an accelerometer for a given application, both
environmental and operational parameters must be given attention. Two
basic questions must be answered:

1. Will the accelerometer measure the environment? Consider:

a. Acceleration range of accelerometer.

b. Frequency response of accelerometer.

c. Frequency and amplitude ranges of the complete data
acquisition and display system.

d. Temperature effect on sensitiv‘ity.
e. Cross-axis sensitivity.
f. Acoustic sensitivity.
g. Sensitivity of accelerometer.
2, Will the accelerometer survive the environment? Consider:
a. Temperature limits.
b. Shock and vibration damage thresholds,

c. The possibility of destructive excitement of the acceler-
ometer at or near its resonant frequency.

d. Possible excitation of associated electronics at destructive
levels.

e. Protection of transducer system from physical damage by
either mechanical or human factors.
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SECTION 111, MICROPHONES

The purpose of this section is to provide a basic knowledge on the
general types of microphones used for acoustic measurements. This sec-
tion is not intended to be a guide for the selection of a specific microphone.

The three most commonly used types of microphones at MSFC are
discussed in sufficient detail to ensure an understanding of the basics of
microphone operation. The three general types of microphones are:

a. Condenser microphone.
b. Piezoelectric microphone.
c. Tuned circuit microphone.

Diagrams are presented to aid in the discussion of these general
types. A comparison of the characteristics of the three types of micro-
phones is made to give further information on the application of each general
type of microphone. A discussion on the selection of a general type of
microphone is made in the last paragraph of this section.

A. Condenser Microphones

In basic terms, the condenser microphone is analogous to an elec-
trical circuit containing a variable capacitor. The primary parts of this
microphone are the metal housing, a thin metal diaphragm, and a backplate.
The backplate and metal diaphragm are separated by an air gap and these
elements constitute the electrodes of the variable capacitor. Figure 7
illustrates the basic construction of this type of microphone.

The capacitor (diaphragm and backplate) is energized by a dc voltage
source. Sound waves impinging on the diaphragm causes a displacement of the
diaphragm. This movement will change the capacitance of the diaphragm-
backplate capacitor. A change in capacitance of the circuit changes the circuit
output voltage. The magnitude of the output voltage is proportional to the
pressure level of the sound wave.

To maintain static pressure equilibrium, the air gap between the
electrodes of the capacitor is vcited. This venting to the atmosphere causes
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Figure 7. Condenser microphone.

causes the major limitation of this type of microphone. When large amounts
of water vapor are present in the atmosphere, the dielectric constant of the
air between the two electrodes of the capacitor becomes very low, allowing a
direct current to flow, blocking the operation of the instrument. This same
adverse effect is caused by condensation brought about by rapid temperature
changes. Another limitation to the use of this type of microphone is the high
output impedance of the instrument, particularly at low frequencies. Because
of this high output impedance, a cathode follower, mounted close to the micro-
phone, is required. High output impedance also increases the susceptibility
to electrical leakage in atmospheres or high humidity. One adavantage of this
type of microphone is the small mass of the diaphragm which makes this type
less sensitive to vibration than many piezoelectric microphones. From the
disadvantages stated previously it is obvious that this type of microphone is
not suited for flight test measurements.
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B. Piezoelectric Microphones

The piezoelectric microphone is a self-generating transducer which
uses piezoelectric sensing elements to generate a voltage when subjected to a
physical strain. The fundamental principles of this general type of microphone
have been discussed in Section II under piezoelectric accelerometers. Since
the operation of piezoelectric elements has already been discussed, this section
will deal with the manner by which the change in strain is created in the
piezoelectric element.

Two different types of construction are available for the piezoelectric
microphone. The first of these is similar in construction to the condenser
microphone. This type consists of a diaphragm and a rigid backplate with the
piezoelectric element located between them. Sound waves impinging on the
diaphragm cause it to be displaced, thus causing a change in strain on the
piezoelectric element. This change of strain causes a generation of voltage
across the element. The second type of construction is similar but does not
us a diaphragm. Sound waves physically excite the piezoelectric element.
The sound waves hitting the element cause the change of strain, thereby
causing a generation of voltage acorss the element. Figures 8 and 9 show
these types of microphones.

The operating characteristics, frequency response and sensitivity,
of piezoelectric microphones are dependent on the kind of material which is
used as the sensing element. Elements which are most generally used in
piezoelectric microphones are Rochelle salt, barium titanite, ammonium
dihydrogen phosphate, and lead zirconium titpate. Piezoelectric microphones
are well suited for measuring noise levels under adverse environmental
conditions. This general type of microphone can be sealed such that changes
in atmospheric conditions will not adversely affect the operation of the instru-
ment. Up to this point only the simple type of piezoelectric microphone has
been discussed and it has one major disadvantage in that it is susceptible to
vibration. The movement of the microphone diaphragm by mechanical vibra-
tion causes a change of strain on the piezoelectric element, thereby giving an
erroneous indication of the sound pressure level. Therefore, this type of
microphone cannot be used in a vibration environment without proper isolation.
Modifications on the simple microphone have been made to eliminate this dis-
advantage. This modified type uses two identical sensing elements. The first
element measures the acoustic level while the second element is reversed in the
electrical circuit to compensate for any mechanical vibration which might be
present. As with the other piezoelectric microphones this type can be sealed
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so that changes in atmospheric conditions will not effect the microphone opera-
tion. This type is shown in Figure 10. This modification makes this type of
microphone useful for mounting on flight vehicles and other vibrating structures.
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Figure 10. Vibration compensating piezoelectric microphone.

C. Tuned Circuit Microphone

In tuned circuit microphones, as in the previous microphones, dia-
phragm movement caused by impinging sound waves describes the basic opera-
tion of this microphone. In this type, the diaphragm is coupled in an electrical
circuit with a variable condenser of inductance coil. These elements make up
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a tuned electrical circuit and any movement of the diaphragm will cause a
change in the resonant frequency of the circuit. This change can be related to
the displacement of the diaphragm and thereby to the pressure level of the sound
wave. Figure 11 shows the major elements of this microphone.
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Figure 11. Tuned circuit microphone.
The major advantage of a tuned circuit microphone is that it is available
with facilities for complete water cooling. This cooling system makes this

type of microphone very useful in regions of extreme temperatures.

The massive diaphragm used in this instrument makes it very suscep-
tible to mechanical vibration, in a way similar to that discussed previously

27



under piezoelectric microphones. Because of this disadvantage, this type of
microphone cannot be used in a vibration environment without proper isolation.

D. Microphone Selection

The choice of the type of microphone to be used for a specified measure-
ment is dependent upon the predicted environment in which the microphone will
be required to operate. Microphones mounted on board flight vehicles are
required to measure the magnitude of the acoustic field produced by the rocket
during flight. The microphone mounted on board must be able to endure the
vibrations caused by flight and atmospheric pressure and temperature changes
caused by changing altitudes.

Vibration environments are critical to the operation of the microphone
and limit the selection of the equipment to be used. Therefore, response of
the microphone to vibration is a major consideration in microphone selection.
Figure 12 shows the vibration responses for the general types of microphones
The piezoelectric microphones shown are not those which have vibration com-
pensating elements. Microphones that are not located on board the vehicle may
not require vibration or altitude compensation but may require temperature
and humidity compensation.

The expected pressure level of the sound wave influences the selection
of the microphone. Figure 13 gives an indication of the sensitivity ranges of
the general types of microphones. This figure indicates the voltage output per
microbar of pressure for the general types of microphones. As can be seen,
the piezoelectric microphone has the lowest range of sensitivity.

All types of microphones, with the exception of the water-cooled tuned
circuit device, will respond to rapid heat rate changes and constant heat flux
fields; therefore, the temperature environment is another item to be considered.

It is difficult to compensate for temperature effects, vibration effects,
etc. by proper calibration; therefore, the choice of a specific microphone
should be made so that these effects are minimized. Table 2 is presented
to give a indication of the relative merits of the above-mentioned general types
of microphones. The information given are ranges for the general types; the
specification sheet on the microphone should be consulted for specific micro-
phones.
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SECTION IV. MOUNTING OF VIBRATION
TRANSDUCERS AND MICROPHONES

This section presents basic considerations in the mounting of vibration
transducers and microphones. Methods of mounting and associated problems
are discussed for those types of mountings most commonly used at MSFC.
Also, refer to References 10, 11, and 12 for further discussions.

A. Vibration Transducer Mounting -

Transducer mounting is one of the most important considerations
in the design of a vibration measurement system. Basically, a mounting must
couple the transducer to the structure or component experiencing vibration
such that the transducer accurately follows the motion of the surface to which
the mounting is attached.

The method selected in mounting a transducer depends on the trans-
ducer type, the frequency and acceleration range to be measured, and the
geometry of the mounting surface. If the surface-mounting conditions permit,
the most desirable method is to attach the transducer directly to the structure.
This eliminates spring mass system effects inherent in some types of mountings
and, consequently, the transducer has an undistorted response to a higher fre-
quency range. This type of mounting is illustrated in Figure 14.

1. MOUNTING BLOCKS

Usually, the transducer is attached to the structure or component
by means of special mounting block or bracket. Odd shaped surfaces, the
need to align the transducer in a particular direction, or the mounting of
multiple transducers necessitates the use of adapters or blocks. Figure 15
illustrates a typical transducer-mounting block configuration where two
transducers have been mounted to measure motion in more than one direction.
Figure 16 shows a transducer-mounting block arrangement where the trans-
ducer is mounted on an odd-shaped structure requiring a block to align the
transducer sensitive axis in a particular direction.

Since the mounting block and transducer combination acts as a spring-
mass system it has its own resonant frequency and also an attenuation fre-
quency range. The lowest resonant frequency of the mounting block with the
transducer attached must be well above the highest frequency of interest so
that the magnitude and phase of motion are undistorted in the required fre-
quency range. In general, mounting blocks or brackets should be as rigid
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and lig. - as possible. Rigidity is important; otherwise, the mounting system
will atte: ‘1tz ¢ 1crease the motion of the structure to be measured by the
transduce.. ‘ieavy mounting blocks affect the weight and frequency of the
structure or component being vibrated and should be avoided. The mounting
block-transducer combination must be tested on a vibration shaker at a
constang g level through the required frequency range to indicate the linearity
of the system.

2, ADHESIVE BONDING

If the transducer or mounting block cannot be welded or bolted to
the structure, adhesive bonding may be used. Adhesives employed include
double-backed tape and various types of cements (epoxies, dental cements,
etc.). If the double-back tape is used, test frequencies should be kept below
2000 Hz [10] since above this frequency the transducer will not accurately
follow the structural motion. Acceleration for a tape-mounted assembly should
be restricted to less than 3 g since the tape may break loose at higher levels.
If cements are used to secure the mounting to the test specimen, the trans-
ducer readings are not usually reliable above 5000 Hz. The use of adhesives
should be avoided in cryogenic environments since they experience elasticity
changes and loss of adhesion at low temperature resulting in a loss of reliability
for the measurement.

A problem with cemented assemblies is their deceptively sturdy
appearance. The strength of a cemented mounting cannot necessarily be
judged by hand pressure. Since a calibration by vibration cannot be performed
on flight vehicles after the assembly is cemented in place, the actual quality
of the mounting cannot be verified. The integrity of the mount must be en-
sured by laboratory evaluation of the various cements and careful mounting
techniques.

B. Microphone Mounting

Since the primary function of a microphone is to obtain a meaningful
measurement of an acoustic field, the microphone mounting must be designed
to this objective. Microphone directivity and the acoustic geometry of the test
area must be considered when selecting microphone locations. Microphone
elements are usually sensitive to vibration and must be isolated from support
vibration. In general, there are two methods of vibration isolation employed:
mechanical isolation and electrical isolation. The choice of isolation technique
is governed by the environment to which the microphone will be subjected.
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1. MECHANICALLY ISOLATED MICROPHONES

Mechanically isolated microphones are frequently employed for field
measurements but are not generally used for either static testing or flight
testing. Commercially available vibration isolators may be used to mount the
microphone, but they must be used with caution. If the isolator microphone
natural frequencies are within the acoustic frequency range of interest, a true
reading cannot be obtained from the microphone. This problem makes it
difficult to properly isolate microphones located on flight vehicles by mechan-
ical methods. However, for mid- and far-field measurements, microphones
can be mounted directly to concrete or similar massive type structures.
Massive structures effectively isolate the microphone from mechanical
vibration within the acoustic frequency range of interest. Other techniques
for field measurements support the microphones by suspension systems that
isolate the transducer from support vibrations. Figure 17 illustrates a
method for obtaining microphone measurements at various altitudes while
isolating the microphones from vibration by suspension from balloons.

2. ELECTRICALLY ISOLATED MICROPHONES

Flight and static test vehicles usually employ rigidly mounted
microphones that are electrically isolated from vibration. The piezoelectric
types described in Section III are ideally suited for flight measurements.
Mounting techniques for this microphone type are generally the same as
discussed previously for vibration transducers. Special mounting consider-
ations are necessary for flight measurements caused by the acoustic environ-
ment. The external skin of the flight vehicle is subjected to acoustic noise
from several sources (see Section I) and Figure 18 illustrates a mounting
designed to measure this external sound level. One of the microphones
shown in Figure 18 is flush mounted to permit measurement of the boundary
layer acoustic noise and other external noise without disturbing the aero-
dynamic shape of the vehicle. Figure 18 also shows an electrically isolated
microphone mounted on a ring frame to measure the vehicle internal noise
level,

C. Associated Factors — Transducer Mounting

In addition to the method of attachment, there are many other factors
to consider in the mounting of transducers. The following paragraphs outline
some factors associated with the mounting of accelerometers and microphones.
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Figure 18. Typical flight vehicle microphone mountings.

1. TEMPERATURE EFFECTS

Some transducers exhibit high sensitivity to rate-of-change of
temperature, called pyroelectric effect. The pyroelectric effect should not
be confused with ordinary ambient temperature effect. Some transducers
suddenly cooled or heated during a test react violently in the output response.

=1



2. ELECTRICAL ISOLATION

A transducer should be isolated electrically from the ground to decrease
the influence of ground loops. When threaded holes can be used, electrically
isolated mounting studs are commercially available. However, these cannot
be used on some hardware such as tubing, cameras, solar cells, etc., and
other methods of isolation are required. A practical method useful for many
applications is to cement the transducer in place with insulating material in
between. The minimum amount of insulating material should be used to
decrease the spring-mass effect in the vibration environment.

3. CABLE ROUTING

Transducer cable termination and routing can become important for
some applications. Routings should be carefully considered to minimize the
danger of physical damage and triboelectric effects. Too much slack in the
cable often results in spurious signals. Movement of the cable, either jerking
or steady state vibration, is an important source of noise.

4. MAGNETIC FIELDS

There are instances whe.e transducers have to work in the presences
of strong magnetic forces. Interference might develop at either the transducer
or the connecting cables. The center conductor of many cables is paramagnetic
and is a possible interference source. Auxiliary cable vibrations which could
interfere with case-sensitive transducers might be caused by ac magnetic
fields,

5. TRANSDUCER LOCATIONS

All transducer locations should be accurately identified and the
mounting described by photographs or drawings., The orientation of the trans-
ducer sensitive axis on the test specimen or flight vehicle must be completely
defined to permit proper data evaluation. This is extremely important in the
evaluation of all vibration and acousitc data.

38



SECTION V. CALIBRATION

This section defines calibration procedures and problems associated
with the dynamic instrumentation of launch vehicles. The material presented
is general and deals with basic considerations related to any vibration or
acoustic data acquisition system calibration. The nature of dynamic data is
discussed and basic relationships used in sinusoidal calibration techniques
are derived. Calibration procedures are discussed for transducers, data
transmission, and data recording systems. The dynamic systems discussed
are those for measuring vibration, acoustic, ad shock environments, and are
characterized by high-frequency response requirements. For further dis-
cussions, refer to References 13, 14, and 15.

A. General

The purpose of calibration is to determine the relationship between
the final observed value of data and the true value of the environment at the
sensing instrument location. When this relationship is known, the observed
values may be properly interpreted. The calibration techniques which are
most directly applicable to a particular instrumentation system will depend
on the components of the system, system location and use, and the type of
measurement. -

Regardless of the method used in calibration, certain principles
must be followed whenever possible. These principles are listed belov .

1. The calibration should cover the expected range of e: iron-
mental conditions. This means that the effect of frequency, amplitude,
temperature, and other variables should be determined and accounted for
in the calibration procedure when applicable.

2. Reference standards must be reliable. The accuracy of the
calibration is, at best, no better than that of the reference.

3. Repeatability of calibration measurements should be established
within limits to determine reliability of data. This requires several tests
in which the same reference is applied repeatedly and the resulting indications
are observed and recorded. The variation in these results indicates probable
errors because of system characteristics, as determined by statistical analy-
sis.
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The most desirable calibration procedure for vehicular vibration and
acoustic measurements would be a complete end-to-end stimulation; i.e.,
excitation of the transducer with a known environment equivalent to the expected
environment and observation of the resultant output from the data reduction
system. However, in most cases, this procedure is unrealistic because of its
complexity. Therefore, it is usually necessary to calibrate the transducer sub-
system independently of the data transmission and data recording subsystems.

B. The Nature of Dynamic Data

Dynamic data are usually broad-band random waveshapes which can be
described by three parameters:

1. The magnitude of the measured quantity; e.g., power spectral
density, sound pressure level, etc.

2, The variation of magnitude with respect to frequency; i.e., spec-
tral characteristics.

3. The time history of magnitude at any particular frequency or band
of frequencies.

These random data are analyzed by statistical methods in terms of mean-square
values, probability density functions, power spectral density, etc. Other
statistical methods may use correlation techniques to isolate periodic functions
that are superimposed on random functions. Although random data are most
commonly encountered in practice, it can be shown that sinusoidal calibration
is applicable.

1. SINUSOIDAL CALIBRATION AND MATHEMATICAL RELATIONS

Instruments used to acquire high-frequency random wave data are often
calibrated by application of a sinusoidal waveform. This is true whether the
environment is simulated mechanically or electrically. A major advantage
of sinusoidal calibration is the ability to calculate exactly the parameters that
describe the waveform or environment. The following relationships are pre-
sented since they are commonly employed in sinusoidal calibration.

Sinusoidal vibration may be described by the equation of displacement

X=X sin wt
o
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where

X = instaneous displacement
X0 = peak displacement
“t = time

w = angular frequency.

Differentiating yields the linear velocity

).(=X - cos wt
o

Differentiating again gives instantaneous acceleration

)'{.= -Xo w? sin wt

Now, since angular frequency (w) is related to cyclic frequency (f) by the
equation

w=27f

and acceleration may be expressed in terms of g-level as

_X
€<k
g
-4X07rfzsinwt
g= K

g

where Kg = gravitational constant.

Peak acceleration is obtained by setting sin wt to +1, its maximum
possible values.

4X 72 f2
-°

g
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Acceleration levels are commonly discussed in terms of peak-to-peak values
which represent the ""double amplitude values, or twice the peak values
although in flight measurements the range is specified in + G_, which is a
peak value p

G = 2G
PP p

The acceleration level which is considered representative of the
vibratory energy level is the root-mean-square value, or rms level. This is
the common measure of random vibration data and is represented mathe-
matically as

T

f g2 dt
0

=i

rms

where T is the time of integration. This indicates that the rms level is
the square root of the sum of the squared mean instantaneous values.
For a sinusoidal function,

=

rms

Similar derivations for random Gaussian motion are found in Reference
10. However, in random waveforms, it is not possible to relate rms or aver-
age values to peak values exactly. The rms-to-mean ratio is defined as the— — -
form factor of a wave. The form factor of a sine wave is 1.11 while the form
factor of a random Gaussian noise is 1.26. Consequently, when an averaging
meter which has been calibrated with a sine wave to indicate rms is used with
random noise, the reading must be corrected by multiplying by the ratio
1.26/1.11 or 1.14,

C. Transducer Subsystem Calibration

The calibration of vibration and acoustic measuring transducers con-
sists of determining their sensitivity or simply the ratio of output to input.
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The specific information required for transducer calibration depends on the
instrument type and intended use. Flight measurements, field measurements,
laboratory measurements, etc., require different approaches to the problem
of calibration.

The output-to-input ratio must be known for all frequencies that the
transducer will experience. Variations in environmental conditions may
necessitate the determination of the effects of temperature, supply voltage
variations, radiation, acoustic noise, electromagnetic field, altitude, and
humidity upon the transducer. The linearity of the transducer should be
checked over the full range of magnitude of vibration or sound pressure level.

1. ACCELEROMETER SUBSYSTEM CALIBRATION

Calibration of accelerometers is performed by excitation under
controlled laboratory conditions. At the beginning of laboratory calibration,
the accelerometer subsystem gain should be adjusted such that the subsystem
output is equivalent to that of the signal preconditioning circuit voltage. This
adjustment should be made while vibrating the accelerometer at a nominal
frequency and at the full -scale acceleration level within the capabilities of
the excitation source.

To obtain frequency response the output of the accelerometer should
be measured over the full frequency spectrum of the anticipated environment.
The acceleration level should be selected so that the excitation amplitude
limitations are not exceeded during the calibration procedure.

Linearity can be checked by setting the transducer acceleration level
at a percentage of the desired full-scale acceleration level and recording the
system output. This process is repeated at higher percentages up to 100 per-
cent full -scale and the data plotted to check linearity. Normal increments
are 20 or 25 percent with a return to the lowest percentage point after reach-
ing full -scale to determine hysterisis characteristics. The accelerometer
should be vibrated at a nominal frequency during this check, or, if a resonant
beam is required, the resonant frequency of the beam should be used.

a. Gravity Methods

Some types of accelerometers can be calibrated under static conditions
by means of earth gravity and centrifuge devices. These instruments generally
have response at zero frequency and include the following types:
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1. Wire strain bridge.

2. Servo (force-balance) .
3. Piezoresistive.

4. Potentiometer.

The 2-g or "Flip" calibration method takes advantage of the zero
frequency or static response of an accelerometer. If an accelerometer is
mounted with its sensitive axis in a vertical position, it senses the 1-g
acceleration of the earth's gravitational field. If the accelerometer is turned
90 degrees so that its sensitive axis is parallel to the local horizontal, the
instrument senses zero acceleration. If it is turned 90 degrees again, it is
180 degrees from its original position, and it senses the earth's gravitational
field in the opposite direction. It could be said to go from a positive 1-g to
a negative 1-g level, a total excursion of 2 g.

This calibration procedure has inherent accuracy. It is important
to use good leveling techniques and to measure the 90-degree angle changes
accurately. A spirit level and square are usually sufficient for the accuracy
desired in field measurements.

Again, it is important to have the same transducer input voltage level
for both calibration and data acquisition.

This method is only useful for accelerometers whose operating range
is low enough for the 2-g calibration signal to be a significant portion of the
expected data levels.

b. Centriguge Method

A calibration method similar to the earth gravity technique is the
centrifuge method. In this method, a centrifuge is used to apply constant
acceleration to the vibration transducer. The centrifuge is usually a balanced
table that rotates about a vertical axis. Cable leads from the transducer and
power supply are usually brought to the table through low noise sliprings and
brushes. Centrifuges are commercially available that provide acceleration
levels up to 100 g and special machines are available that produce much higher
levels. Accelerometers that have a frequency range down to zero Hz and
have negligible sensitivity to rotation may be calibrated on a centrifuge or
rotating table. The general accelerometer types listed in Paragraph a. above
can usually be calibrated by the centrifuge method.
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In the calibration procedure, the transducer must be mounted on the
rotating table such that its sensitive axis is exactly aligned along a radius of
the circle of rotation. The acceleration acting on the transducer is calculated
from the equation:

A= w’R
where
A = acceleration
w = angular velocity
R = distance from the axis of rotation to the center of gravity
of the movable mass element inside the transducer.
c. Electrodynamic Shakers

Sinusoidal motion for the calibration of vibration transducers is
usually generated by means of an electrodynamic shaker. The electrodynamic
shakers directly convert electrical energy into sinusoidal motion. Trans-
ducers are subjected to sinusoidal motion such that the transducer produces
an‘electrical signal which can be accurately measured and the ratio of
electrical output to mechanical input evaluated.

d. Comparison Method

A frequently used method of calibrating a vibration transducer is by
direct comparison of the output voltage to that of a secondary standard
accelerometer. The secondary standard accelerometer has been checked
with a primary acceleration standard and is used for laboratory calibration
only. The accelerometer to be calibrated is mounted on the shaker table
or a centrifuge table back-to-back with the secondary standard such that
the two accelerometers experience the same vibration environment. This
is done by locating the accelerometers so that their sensitive axes are
directly in line with each other and with the direction of applied acceleration.
This often results in the bases of the accelerometers being turned toward
each other, hence the back-to-back term.

The secondary standard accelerometer has an accuracy of 3 percent
traceable to the National Bureau of Standards. The readout system is accurate

to 1 percent. The maximum difference observed when secondary standard
systems are checked against each other has been 5 percent.
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e. Piezoelectric Accelerometer Calibration Techniques

Since the frequency response of piezoelectric accelerometers does
not extend down to zero Hz, they are not calibrated under static conditions.
However, the characteristics of piezoelectric accelerometers (see Section II) ~
permit calibration by the application of sinusoidal motion to the transducer.
The accelerometer may be calibrated by the comparison method or by an
absolute calibration method using an electrodynamic shaker as a motion
generator.

A crystal accelerometer can be visualized as a charge generator
combined with a small and discrete amount of capacitance. The crystal
accelerometer normally requires impedance-matching devices which are
sensitive to cable length. However, if the accelerometer signal is fed into a
charge sensing amplifier, these limitations no longer apply.

A charge amplifier is a high-gain-voltage amplifier with a negative
capacity feedback. This system possesses a complex input impedance includ-
ing a dynamic capacitance portion, which is so large that any change of cable
capacitance represents an insignificant portion of the total. Therefore, large
variations of cable length have no overall effect on system sensitivity.

Many charge amplifiers contain an internal calibration source and a
dial for insertion of the individual transducer sensitivity into the amplifier.
Systems of this type require only proper setting of sensitivity, selection of the
range to be used, and recording of the internal calibration signal. No
calculations are required.

Another technique is the electrical simulation of a crystal accelerometer
by placing a capacitor in series with a voltage generator. If the transducer

sensitivity and the value of the capacitance are known, the voltage can be cal-
culated by the equation:

_e
E‘c

where
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= output voltage of the simulated accelerometer

capacitance of the simulated accelerometer

= charge of the accelerometer calculated by multiplying the
sensitivity (coulombs/g) by the simulated g-level.

E
C
Q
The voltage, E, should be set to correspond to the proper acceleration level

and the charge amplifier gain set to output this voltage.

f. Strain~Gage Accelerometer Calibration

To understand strain-gage accelerometer calibration methods, the
electrical characteristics of this transducer must be understood,

All strain transducers are based on variations of the Wheatstone -
Bridge circuit, which consists of four resistances arranged as shown in
Figure 19. These strain-sensing resistors are constructed so that their
resistances change when a physical stimulus (in this case, acceleration) is
applied to the transducer. If the beam on which a strain-sensing resistor
is located goes into tension, the resistance increases; if it goes into com-
pression, the resistance decreases. The instrument output voltage, Eo’

appears when R; # R, or R3 ¥ Ry, or both. The circuit characteristic is such
that the resistances in adjacent legs are subject to algebraic subtraction, and
the resistances in opposite legs add. The transducer may be constructed
with one, two, or four active arms. An active arm is one whose resistance
varies with the physical stimulus on the transducer. When the bridge circuit
has less than four active arms, fixed resistors are used to complete the
circuit.

Figure 19. Wheatstone-Bridge circuit,
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Referring to Figure 19, if the input voltage V is applied to the circuit
and the resistance of R, is changed by the amount AR, we have:

R = R;-AR (if the change is a decrease in resistance).
1

If 1, is the current through Ry, then

I, = ———
1~ R{ + Ry

and the bridge output voltage,

v .
EO = E ’11R1

now by substitution,
R - R{
E, =V 2(R; + R{)
or

~ AR
E, =V 2(2R, - AR

Since AR is small, the denominator can be simplified, and the term becomes

From the preceding equations, it may be seen that the transducer output is
always directly proportional to the input voltage. Where shunt calibration
techniques are not used, care must be taken to insure thdt the input voltage

level is the same during data acquisition as that used for calibration.
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Since the electrical output of a strain-bridge accelerometer is induced
by a resistance change caused by acceleration, the acceleration may be
simulated electrically by placing a calibration resistor parallel to one leg
of the Wheatstone Bridge. This technique is known as shunt calibration. In
Figure 20, the resistance value of the parallel combination, Rc and Ry, is

Rc R,
R = R +R1
c

The circuit cannot tell whether the resistance change across the resistor, Ry,
is caused by acceleration or by the insertion of the calibration resistor, Rc'

RC f 3

Figure 20. Shunt calibration system.

The sensitivity of a strain-gage accelerometer is expressed in
mV/V/g. This means that if a given magnitude of accelerative force is
imposed on the transducer, the output voltage will be a certain number of
millivolts for each input volt applied to the transducer. Since the input voltage
is always known, an output versus acceleration curve may be plotted for
the transducer. The output voltage induced by a given calibrate resistor for
the input voltage level may also be easily calculated. The calibrate resistor
may then be set equal to an acceleration level. Note that once this is done,

a specific calibrate resistor value is always equal to a specific acceleration
level, regardless of input level. Two conditions must always be satisfied
when applying the calibrate resistor: (1) it must always be applied to the
same leg of the bridge, and (2) it must always be applied at the same electri-
cal lead distance from the transducer.

Although the methods described may be used with fair accuracy, it
is preferable to apply acceleration to the transducer and plot output versus
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acceleration level. It is also preferable to read the outpat voltage produced by
direct application of the calibrate resistor. Calibrate resistors are normally
in the range of 20 000 to 150 000 ohms. They should be precision resistors

of 0.1 percent tolerance.

2, MICROPHONE CALIBRATION

In general, the calibration requirements for microphones closely
parallel those previously discussed for accelerometers. There should be a
complete set of calibration curves available on each microphone. The environ-
ments in which the microphone will be operated should be determined for each
application, and the response of the microphone to these environments should
be defined. In the case of new microphones, the manufacturer's curves and
specifications may partially fulfill these requirements. However, as the
microphone is used, it must be calibrated periodically to ensure its continued
satisfactory operation. The period between calibrations depends upon the
frequency of microphone usage. All microphones should be calibrated a
minimum of once every 6 months with a National Bureau of Standards calibrated
reference standard. Each microphone should be calibrated prior to (pre-cal)
and after (post-cal) each test application to determine possible alteration of
the microphone response as a result of the test environments.

Microphones may be calibrated by several methods depending largely
upon the particular microphone and the type of calibration required. The three
basic microphone calibration systems most commonly used at MSFC are:

a, High~intensity pistonphone system.

b. Plane wave tube. system.

c. High-intensity calibration system.

a. Pistonphone System

The pistonphone system utilized a pistonphone, high-impedance pre-
amplifier, voltmeter, counter, and associated power supplies. The piston-
phone consists of two electrically driven pistons of different size operating
in a known volume. The cyclic motion of the piston generates a sinusoidal
pressure whose sound pressure level (SPL) value has been predetermined
from volume and displacement calculations from previous measurements.
SPL is a common acoustic term that can be described by the equation [14]

P

P
o

SPI = 20 IOglo
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where

SPL = sound pressure level in decibels
rms - root mean square pressure value in microbars
Po = reference pressure (at MSFC, 0.0002 microbar) .

The two pistons operate in the same volume since the chamber can be moved
from one to the other. Since the pistons are of different size, their displace~
ments are different and so are the SPL values they generate. By utilizing this
characteristic and changing volume size in several discrete steps, a typical
pistonphone system can generate SPL values from 110 to 170 dB in 10 dB
increments. A typical frequency range is from 1 to 200 Hz. This type of
calibration system is used primarily for certification of near- and far-field
microphones at regular intervals. Both sensitivity and frequency response
should be checked and records kept for the performance of each microphone.

To use the pistonphone system to check a microphone's sensitivity in
the calibrator frequency range, the microphone is inserted in the chamber
such that its diaphragm face is flush with the chamber wall, thereby not
affecting the chamber volume. The microphone output is then connected to.
the preamplifier whose output is in turn connected to the voltmeter. The motor
that drives the piston is then started and set to the desired speed (frequency)
and the microphone output read from the voltmeter. Since the SPL value in the
chamber is known and the microphone output at the SPL value is known, the
sensitivity of the microphone can now be calculated. Checks of the complete
calibration system may be made using a standard reference microphone in
the system.

b. Plane Wave Tube

The plane wave tube system uses the calibration techniques of the
comparison method. A standard reference microphone is excited by a piston-
phone and the output recorded. The microphone is placed in the plane wave
tube and the tube excited until the microphone output is identical to that
generated by the pistonphone. This simulates the same sound pressure level
in the plane wave tube as existed in the pistonphone. The microphone to be
tested may be calibrated by mounting it side by side with the reference stan-
dard microphone in the plane wave tube and recording the output voltages for
comparison.

C. High Intensity Calibration System

This system is designed to calibrate microphones in the frequency
range from 5 Hz to 10 kHz at SPL levels from 110 to 190 dB. This system
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is still in the development stage and several problems have been encountered.
However, MSFC test engineers are improving the system and it promises to
be a useful method for the calibration of high-intensity microphones.

d. Far-Field Techniques

At MSFC, acoustic monitors in remote far-field locations are calibrated
by an acoustic calibrator and a voltage insertion technique. Microphones are
acoustically calibrated by a portable calibrator. The gain is adjusted to a
predetermined level and the voltage at the amplifier output is noted. The
calibrator is removed and the monitoring station's self-contained reference
oscillator is turned on. This amplitude stable oscillator inserts a voltage in
series with the microphone and the gain is adjusted until the output at the
amplifier is the same as that read during the acoustic calibration. The
reference oscillator may be controlled from a central monitoring station to
eliminate the necessity of an acoustic calibrate for every test.

e. Midfield Techniques

A voltage insertion method is generally used for calibration of the
piezoelectric microphones used for midfield data acquisition. An open-circuit
sensitivity for each microphone is obtained from the laboratory calibration,
and a voltage representing the desired SPL for calibration at a given location
is inserted into the system in place of the microphone. The output signal
is recorded on magnetic tape before test data recording and serves as a pre-
determined SPL reference. These calibrations should be made as close to
test time as possible.

D. Data-Transmission and Data-Recording Subsystems Calibration

At MSFC, the calibration of the data-transmission and data-recording
subsystem involves the sending of a simulated or actual transducer subsystem
output signal through the entire system of cables, telemetry, and data recorders.
A signal representing a known percentage of full-scale is injected into the front
end of the data-transmission subsystem, and the data-recording subsystem is
referenced to this signal.

i. FLIGHT TESTING

The calibration signal input to the telemetry system should represent
full-scale peak-to-peak amplitude in all cases, except where the single-sideband
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telemetry system (SS/FM) is involved. Full-scale calibration is required
because it defines the data limits directly through all subsystems of the data-
transmission and data-recording equipment, and its significance is easily
understood. Time-history records of an event should include a calibration
signal to be used as a reference by the data analysis personnel.

A typical inflight calibration procedure is schematically represented
in Figure 21 for the Saturn V telemetry system. Inflight calibration for six
FM/FM assemblies and three SS/FM assemblies is accomplished over a
4.5-sec time interval, The calibrator impresses a series of six (0 to 5 V)
staircase signals to the FM/FM assemblies and a 1700 Hz, 1-V peak-to-peak
signal to the SS/FM assemblies. These calibrate signals are transmitted
and recorded during flight to calibrate the end-to-end system from telemeter
to data-recording equipment.

Preflight calibration of FM/FM telemetry systems consists of impress-
ing a 0 to 5V step calibrate signal on the systems. The SS/FM system has a
0 to 3000 Hz sweep signal impressed on it for calibration, This SS/FM cali-
brate signal sweeps in a logarithmic manner with the rate of frequency change
proportional to frequency.

2, STATIC TESTING

If the data from the transducers are to be directly recorded during
static testing, the piezoelectric channels are calibrated by substituting an
equivalent signal voltage at the signal conditioner input terminals or by
exciting the transducer. A static test data transmission system using tele-
metry techniques is calibrated by the methods discussed in Subparagraph 1.
above.

The accelerometer may be excited by a shaker if only a few measure-
ments are required. Portable fixed-frequency shakers are available for such
purposes. One such unit produces acceleration levels adjustable up to 20
g-rms at a frequency of 120 Hz, with distortion of less than 1 percent and
accuracy of better than 98 percent. Units are also available with a fixed
frequency of 240 Hz. These signals when carried through the data transmission
and data recording system serve as a calibrated reference point for data eval~-
uation,

When many measurements are required, shaking the accelerometers
becomes impractical and a voltage substitution method of calibration is re-
quired. This technique involves simulation of accelerometer output by im-
pressing a voltage on the accelerometer channel and measuring the overall
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sensitivity. A simulated voltage should be inserted at the signal conditioner
input terminals according to the following relationship;

- B ccal

ins cal C total

where

= insertion voltage, mV/g

ins
Ecal = manufacturer's calibration value, mV/g
Ccal = capacitance of accelerometer and short cable furnished by
manufacturer
C

total = total capacitance of accelerometer, short cable, and
cable to signal conditioner input terminals, all in par-
allel.

Up to 14 accelerometer channels may be calibrated simultaneously by
using a millivolter. However, one channel is normally reserved for voice
communication. The millivolter supplies 14 separately adjustable voltages
from 1 to 1000 mV at frequencies from 100 to 5000 Hz with accuracies from
98 to 99 percent of the amplitude. Single-channel millivolters are also avail-
able.

After calibration, but before vehicle test, each accelerometer is tested
by tapping with a small tool on the nearby structure. The channel is monitored
on an oscilloscope to determine if the transient signal comes through. This
is commonly referred to as a "tap test' or "peck check."
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SECTION VI. DATA TRANSMISSION

The purpose of this section is to familiarize the reader with data trans=
mission systems in general. Emphasis is given to systems that have direct
application to vibration data transmission. This section is divided into four
main areas: a basic telemetry system and its components, the different types
of telemetry systems used for vibration data, direct data transmission, and
system accuracy.

If a more rigorous mathematical discussion of the data systems is
desired, refer to References 16, 17, 18, and 19.

Data transmission may be accomplished by three methods: Radio telem-
etry, hardwire telemetry, and direct (or hardwire) transmission. A radio
telemetry system processes electrical signals representing physical measure-
ments at a remote location, and transmits these electrical signals by radia-
tion to a chosen location for display and recording. Hardwire telemetry uses
the same processes as radio telemetry, but in hardwire telemetry the radio
link signals are transmitted by metallic conduction rather than by radiation
(Fig. 22). Direct data transmission (hardwire) does not involve radiation
of data signals (Fig. 23). The cable is a metallic conductor between the
transducer and the signal conditioning, display, and recording equipment.
Direct transmission is inherently more accurate than telemetering because
fewer operations are performed on the data signal.

A. Basic Telemetry System

The basic telemetry system consists of a transducer, a data trans-
mission system, and a display or storage device. Figure 22 illustrates a
basic radio telemetering system. The signal from the transducer is fed
through the data transmission system and applied to the display or storage
device. A remote signal processor, a transmitter, a receiver, and a local
signal processor form the basic transmission system. Essential differences
between various telemetry systems lie in the form of modulation.

i. REMOTE SIGNAL PROCESSOR

In some cases the transducer output can be used to modulate the trans-
mitter carrier directly, but then separate radio frequency transmitters would
be required for each measurement. To avoid this waste of the available fre-
guency spectrum, techniques have been developed whith permit many
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Figure 22. Basic telemetry system.
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Figure 23. Direct data transmission system.

measurements to be transmitted on one transmitter. These techniques
employ either frequency separation or time sharing. Both techniques are
known as "multiplexing,'" which means to transmit two or more separate
signals over one communication channel.
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Frequency separation employs separate subcarrier frequency channels
for each measurement channel. The subcarrier frequencies are spaced so
that each channel remains separate from the others.

In time sharing, a specific time is allotted for each measurcment so
that each measurement is sequentially transmitted over a common data channel.

In addition to multiplexing, the remote signal processor performs any
necessary data signal conditioning. Signals may be amplified or attenuated
to make them compatible with other signals being multiplexed, and unwanted
frequencies are filtered out to prevent crosstalk. In time-multiplexed sysiems,
the data signal is encoded with the appropriate pulse modulation and synchro-
nization pulses are generated.

2. TRANSMITTER AND RECEIVER

The radio telemetry transmitter and receiver employ conventional tech-
niques. Telemetry systems are predominantly frequency modulated (FM)
because of the inherent immunity of FM to amplitude effects on the signals
caused by noise. Frequency modulation is modulation in which the instantaneous
frequency is the sum of the carrier center frequency and a frequency which is
a function of the modulating, (or data) signal. In mathematical terms, fre-
quency modulation for a sinusoidal modulating signal is:

e = E sin(w t+msinw t)
o c s
where
e = instantaneous amplitude
E, = peak amplitude
w = carrier angular frequency
t = time

w g= modulating signal angular frequency
m = modulation index (modulation index is carrier frequency
deviation divided by the modulating frequency).

The equation here is expressed as a sine function whereas Reference 16 employs
a cosine function. The two forms are equivalent, one merely is 90 degrees out
of phase with the other.

In the United States, standards have been established by the Inter-Range

Instrumentation Group (IRIG) specifying the characteristics of telemetry sys-
tems [17] . These standards establish a total of 44 telemetry channels in
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the very high frequency (VHF) range between 225 and 260 MHz. Each channel

is assigned a minimum bandwidth of 500 kHz and a maximum deviation of +125kHz.
The channel specification is such that harmonic interference between channels is
prevented. Since the Bessel function of the first kind and nth order [ 16], with
argument m shows that a frequency modulated wave is composed of sidebands
spaced by the modulation frequency, the modulation index (m) must be limited

to 1.64 to prevent important sidebands of the 125 kHz deviation occurring outside
the assigned 500 kHz channel. Therefore, the data bandwidth (or maximum
frequency of the data is:

_ frequency deviation 125 kHz

d ~ modulation index =Tz = (6.3KkHz

This data bandwidth limitation is basic and applies to all telemetry systems that
use double FM systems. This includes the Single Sideband (SS/FM) system,
which will be treated in detail later.

The IRIG standards for telemetry receivers require that the receivers
operate ou all telemetry frequencies between 216 and 260 MHz without design
modification [17]. The receiver is designed to have a maximum bandwidth of
600 kHz between 60 dB points and a stability of 0. 005 percent. These require-
ments are imposed on the receiver to ensure flexibility of operation and a high
degree of rejection of unwanted adjacent channel and spurious signals.

3. LOCAL SIGNAL PROCESSING

The local signal processor performs the inverse function of the remote
unit. Its exact form is dictated by the remote unit multiplexing technique. It
demultiplexes the data into a form suitable for display or recording.

B. Telemetry Systems Used For Vibration Data

The preceding text has been a general discussion of telemetry. The fol-
lowing paragraphs are a more detailed discussion of specific systems used in
the acquisition of structural vibration data.

1. FM/FM

A standard IRIG FM/FM telemetry system employs 18 subcarrier oscil-
lators frequency modulated by transducers. These oscillators in turn frequency
modulate a radio frequency (RF) carrier. This RF carrier is transmitted to a
ground station where the composite FM signal is separated back into the original
18 subcarrier frequencies. The subcarrier signals are passed through discrim-
inators whose outputs correspond to the original transducer signal. When each
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measurement is continuous, each subcarrier channel data from only one trans-
ducer. The system capacity is then only 18 measurements.

The instantaneous frequency of each subcarrier oscillator is proportional
to the instantaneous amplitude of the analog voltage from its transducer. The
rate of frequency change of the subcarrier is proportional to the instantaneous
frequency of the transducer output. The center frequency and bandwidth of each
subcarrier channel conforms to standards established by IRIG. As stated pre-
viously, the equation for the frequency modulated signal is:

_ . inw 4
e=E_ sm(wct+msmwd) ,

where sin w t represents the carrier signal and sin Wy t represents the data
signal. Expanding this equation gives:

e = EO{JO(m) sinw ot + J1 (m) [Sin(wc+wd) t - sin (we-wgq) t]

+Jg(m) [sin (we+ 2wg) t+sin (w, - 2wg) t]+ l
where

instantaneous amplitude

peak amplitude

Bessel function of the ist kind of order n with argument m
modulation index (carrier frequency deviation divided by
modulating frequency)

= carrier angular frequency

= data angular frequency

time.

oo
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Here, the first term is the carrier component, the second term is the first-
order upper sideband, and the third term is the first-order lower sideband. -
The fourth and fifth terms are second-order sideband components. It may be
seen that each modulated subcarrier signal is composed of center frequency
plus sidebands spaced at the data frequency whose amplitudes are proportional
to the modulation index.

Multiplexing the 18 subcarriers is done by assigning different center
frequencies to each of the oscillators and limiting their data bandwidth to pre-
vent channel crosstalk. The maximum deviation of each subcarrier oscillator
is limited to £7. 5 percent of its center frequency. Table 3 lists all 18 subcarrier
bands assigned by IRIG with their center frequencies, upper and lower maximum
frequency deviations, and their data frequency response. In this table the index
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TABLE 3. SUBCARRIER BANDS (7. 5-PERCENT DEVIATION)

Center Lower Upper Freq?
Freq Limit Limit Response
Band (Hz) (Hz) (Hz) (Hz)
i 400 370 430 6.0
2 560 518 602 8.4
3 730 675 785 11.0
4 960 888 1 032 14.0
5 1 300 i 202 1 399 20.0
6 1 700 1 572 1 828 25.0
7 2 300 2 127 2 473 35.0
8 3 000 2 775 3 225 45.0
9 3 900 3 607 4 193 59.0
10 5 400 4 995 S 805 81.0
11 7 350 6 799 7 901 110.0
12 10 500 9 712 11 288 160.0
13 14 500 13 412 15 588 220.0
14 22 000 20 350 23 650 330.0
15 30 000 27 750 32 250 450. 0
16 40 000 37 000 43 000 600. 0
17 52 500 48 562 56 438 790.0
18 70 000 64 750 75 250 1 050.0
a. For £7.5-percent deviation.
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of modulation is five. Figure 24 shows the frequency spectra of the equation

up to the eighth sideband pair for the four highest frequency channels with
sinusoidal modulation. The modulation frequency for each channel is the
highest allowed by IRIG standards. If the data frequency were doubled, the
spacing between sidebands and center frequency would he doubled so that cross-
talk between channels would occur.

For special broadband data applications, the subcarrier deviation can be
increased to 15 percent with the frequency excursion and data bandwidth shown
in Table 4. The 15-percent channels are designated by letters rathcr than
Arabic numberals. The problem of sidebands becomes severe with these
expanded channels, so only every other channel can be used.

TABLE 4. SUBCARRIER BANDS (+15-PERCENT DEVIATION)

Center - Lower Upper Freq®
Band Freq Limit Limit Response
(Hz) (Hz) (Hz) (Hz)
A 22 000 18 700 25 300 660. 0
B 30 000 25 500 34 500 900.
C 40 000 34 000 46 000 1 200,
D 52 500 44 625 60 375 1 600.
E 70 000 59 500 80 500 2100,
Band Used Omit Bands (Table 3)
A 13, 15, and B
B 14, 16, A and C
C 15, 17, Band D
D 16, 18, C and E
E 17and D

a. For x15 percent deviation
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SPECTRA FREQUENCY
AMPLITUDE (Hz)
— —_—— — — — 27750
CARRIER —— 30000
—— —— — 32250
e —_— — — — 3700
CARRIER —0 40060
— _———— — 43000
—_— —_— — — — — 43560
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_— —_— — — — — 56440
—_— - —-f — — 750
S TOTAL
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_ - -1 — — 75250

Figure 24. FM/FM channel spacing.
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Although the complete IRIG FM/FM system contains 18 subcarrier chan-
nels, only channels 2 through 18 are used. Channel 1 is omitted because its
center frequency coincides with the vehicle primary power supply frequency
of 400 Hz.

The graduated frequency response of the various channels results in
limitations on the use of certain channels for vibration data and requires the
use of the higher channels for the majority of this data. Since vibration data
are generally broadband data, channels 17 and 18 are normally used. Excep-
tions are bending mode and POGO data, which are relatively low frequency and
may be transmitted on the lower channels.

The inputs from all 17 of the modulated channels are linearly mixed and
used to frequency modulate the VHF oscillator in the transmitter. The signal
at the output of the receiver in Figure 25 is identical to the multiplexed linear
output. The data signals for each of the channels are recovered from their
composite signal by proper discriminators and filtered for display and analysis.

2. FM/FM/FM

Triple FM is employed to subdivide the standard channels into multiple
low response data channels. FM/FM/FM is a technique for trading data band-
width and accuracy for additiona, channels. Each of the high-frequency sub-
carriers can be modulated by several low-frequency subcarriers that are
modulated by their individual transducers. For example, channel 17 of link 1
in the Saturn V Instrument Unit is submultiplexed with IRIG channels 2 through
8. All other channels are standard. The data bandwidth of channels 2 through
8 is 158 Hz, instead of the normal channel 17 bandwidth of 790 Hz, for a chan-
nel efficiency of 20 percent with a maximum channel frequency response of
45 Hz. Since each FM/FM/FM channel uses two stages of modulation and the
modulation index in the second channel is limited to one or less, the data accu-
racy suffers.

3. SS/FM

The standard FM/FM telemetry system has a serious shortcoming in its
bandwidth utilization efficiency. Utilized to its maximum capacity, the total
data bandwidth of an FM/FM system operating with a deviation ratio of 5 is
4008 Hz. Because the highest subcarrier frequency required to transmit these
data is 76. 3 kHz, the subcarrier data frequency utilization is less than 6 per-
cent. Because of this poor utilization, the highest frequency response obtain-
able on a standard channel is 1050 Hz, and this response is obtainable only on
one channel. An FM/FM telemetry system is incapable of handling the large

quantities of wideband dynamic data required at MSFC on present and future
vehicles.
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Figure 25. FM/FM telemetry.
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The SS/FM telemetry system was designed and developed at MSFC as a
complement to the FM system, primarily for high-frequency dynamic measure-
ments. The system has a capacity of 15 channels with frequency responses of
approximately 3 kHz. The maximum frequency to be accommodated on the RF
link is 75.8 kHz. The total data bandwidth is 45kHz, which is 10 times that
available with an FM/FM system. The frequency ntilization efficiency is
approximately 60 percent. Figures 26 and 27 illustrate the SS/FM system.

The SS/FM telemetry system, like the FM/FM system, uses frequency
division multiplexing techniques to transmit multiple data channels on a common
FM carrier. Unlike the FM/FM system, each SS/FM channel has a 30 Hz to
. 3 kHz data frequency response. The analog voltage from each transducer modu-
lates a 455 kHz channel carrier signal. The output of the first modulator has
the lower sideband removed by a filter, and is transposed in frequency by a
second modulator to its assigned position in the multiplexed spectrum. The
multiplexer output in the form of 15 data channels, each transposed to a dif-
ferent frequency, frequency modulates a UHF FM transmitter. In addition to
the multiplexed channels modulating the transmitter, a reference signal derived
from the same master signal as the channel carriers is provided. Since fre-
quency synchronization is required in single sideband transmission, the reference
tone provides synchronization between transmitter and receiver. The reference
tone also provides an amplitude reference for both multiplexer and demultiplexer
so that rms values of the composite signal remain relatively constant.

The receiving portion of the single sideband system reverses the process
of the transmitting portion. The receiver output of a standard FM receiver is
fed through a demultiplexer, which uses the reference tone for synchronization.
Each channel is transposed from its assigned position in the spectrum to its
original frequency. The data from each channel are then amplified and fed to
appropriate readout devices.

Both the sending and receiving portions of the system employ equipment
common to all channels, along with components designed for each individual
channel. The common equipment handles the composite signal from all channels
and generates the carrier frequencies required for the channel frequency trans-
lations. Unlike FM/FM where channel equipment is suitable for only one specific
channel, all channel equipment in the present SS/FM system is identical and
interchangeable. The necessary frequency differences between channels for
multiplexing are generated and supplied by the common equipment.

4. TIME SHARING

Time sharing is a special application of FM/FM and SS/FM telemetry
primarily used in vibration and acoustic data acquisition. Time sharing is a
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technique for using a single subcarrier channel to sequentially carry two or
more transducer outputs, each for a finite period of time. Two- and four-
segment time sharing commutators are employed. Since both complete a cycle
of all segments in 12 seconds, the two segment commutator transmits each
measurcment for 6 seconds while the four segment commutator transmits each
measurcment for threc seconds.

C. Direct Data Transmission

A direct data transmission system consists of a transducer, signal con-
ditioning circuits, recorder or display unit or both, and connecting cables
(TFig. 23). In cases where the output impedance of the transducer is greatly
different from that of the cable, an impedance matching device may be required.
The direct system is potentially more accurate than telemetered data because
frequency translation or conversion is not usually involved. The accuracy actually
obtained is dependent on the components and measurement techniques used.

1. TRANSDUCERS

Two of the most commonly used types of transducers are piezoelectric
and strain bridge, as discussed in Section II. These will be the only types con-
sidered in this section.

Strain bridge accelerometers require four conductor cables. These
cables may be either in the form of two twisted pairs or separately shielded
cabled pairs. Strain bridge accelerometers have a frequency response of 0 to
2000 Hz. This means that the response of the cable will not limit the overall
system characteristics.

Piezoelectric accelerometers are inherently wide dynamic response
devices and require a wide dynamic range for the transmission and readout
system. As a general rule, an accelerometer selected for a specific measure-
ment should have a resonant frequency five times greater than the highest data
frequency expected.

Piezoelectric accelerometers have characteristic capacitance ranges of
200 to 2000 pF. I<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>